Abstract-In distributed antenna system (DAS), since the distances from the remote antenna units (RAUs) to the mobile are different, the transmitted power of pilot symbol in orthogonal frequency division multiplexing (OFDM) needs to be optimized to provide a reliable channel estimation for the purpose of coherent detection. In this paper, we present a novel pilot power allocation strategy for OFDM in DAS which is developed based on the criterion of minimizing the mean square error (MSE) of channel estimates at pilot subcarrier across the RAUs. The proposed method only needs the information of large-scale fading at transmitter to allocate power, which makes it feasible in practical OFDM DAS systems.
I. INTRODUCTION
One of the challenges for future cellular wireless networks is to provide data services at a high bit rate for a large number of users without a corresponding increase in bandwidth or transmit power. For traditional cell networks the method of cell splitting is adopted to enlarge system capacity. When cell size is reduced, handoff and inter-cell interference increase, and system signaling overhead is heavy. An alternative technique is the distributed antenna system (DAS), which has been traditionally used to solve the problem of coverage for indoor wireless communications [1] .
By combining the classical multiple-input multipleoutput (MIMO) concepts and DAS technique, a generalized DAS has been recently proposed in [2] - [4] . In China FuTURE system, many remote antenna units (RAUs) are distributed over a large area and connected to the base station by fiber, fiber/coax cable, or microwave link. The base station can locate the position of the mobile terminal and the system will continuously select the nearest antennas to communicate with the mobile terminal while it moves [4] .
Due to the high data rate transmission capability, simple implementation, and robustness against frequencyselective fading channels, orthogonal frequency division multiplexing (OFDM) has attracted a lot of attention and can be employed in DAS for future wireless mobile communication systems. In order to coherently detect the transmitted data symbols, an OFDM receiver requires reliable estimation of the channel frequency response (CFR) for data subcarriers [5] . In a pilot symbol-aided channel estimation system, pilot symbols can be inserted in frequency domain and channel estimation is performed by discrete Fourier transform (DFT)-based technique [6] , [7] . However, in OFDM DAS, since the distances from the RAUs to the mobile are different, the transmitted power of pilot symbol needs to be optimized in advance to provide a reliable channel estimate at pilot subcarrier. There are several power allocation strategies, such as the equal power allocation (EPA) and the maximal path loss ratio (MPR) proposed in [8] . However, they are all designed for traditional co-located MIMO systems. In this paper, we present a pilot power allocation strategy for OFDM in DAS which is based on the criterion of minimizing the mean square error (MSE) of channel estimates across the RAUs.
N atation : E {·} denotes expectation and Tr (A) is the trace of A. The superscript T and H stand for transpose and Hermitian transpose, respectively. I L denotes the identity matrix of size L×L and diag {x} is the diagonal matrix with elements of the vector x on its main diagonal.
II. SIGNAL AND CHANNEL MODELS
A generalized DAS that employs a total N RAUs, L antennas per RAU for one end of the communication link and M antennas for the other end (i.e. mobile) is referred to as (M, N, L) generalized DAS ( Fig. 1) . As described in [3] , this is basically an M by N L MIMO system, and the co-located MIMO in conventional cell system is in fact a special case of (M, 1, L) generalized DAS.
We assume that the pilot symbols of OFDM at different transmit antennas in DAS are orthogonal to each other in the frequency domain and all the channels between RAUs and the mobile are quasi-static during several OFDM symbols. At each receive antenna of the mobile, the CFRs in one OFDM symbol with K subcarriers can be estimated as follows:
where
} is the transmitted pilot symbols matrix satisfying the power constraint Tr{XX H } ≤ P , where P is the total power of pilot symbols, and n is the complex additive white Gaussian noise vector with covariance matrix of E { nn 
T , where the
CFR vector from the nth RAU to the mobile. The CFR vector H n (d n ) of the composite fading channel is modelled as follows:
where H w,n represents the CFR vector associated with the small-scale fading of the channel between the nth RAU and the mobile, and h sh,n denotes the large scale fading and path loss. 
where T n is the number of paths and each tap h t n,l is complex Gaussian distributed with zero-mean and variance σ 2 n,t . According to [10] , the large-scale fading can be expressed as
where α is the path loss exponent, typically between 3.0 and 5.0, c is the median of the mean path gain at a reference distance d 0 = 1km, and s n is a log-normal shadow fading variable, where 10 log 10 (s n ) is a zeromean Gaussian random variable with standard deviation σ sh . Denoting by γ = cP σ 2 n D α the signal-to-noise ratio (SNR) of the OFDM DAS at the reference distance D, the large scale fading can be rewritten by
In the rest of the Letter, for the sake of simplicity and without loss of generality, it is assumed that there is only one antenna at each RAU, i.e. L = 1.
III. OPTIMAL POWER ALLOCATION FOR PILOT SYMBOLS
Based on (1), the goal is to design X and G to minimize the estimation errors, i.e.
where e = H −Ĥ. It should be noted that since all matrices in (1) are diagonal, the design of X and G is simplified to allocate power across their elements. The optimal power allocation can be obtained by following the steps given in [9] . By assuming E{Hn H } = 0, we obtain
If we assume that all the multipath channels between the N RAUs and the mobile have a normalized average power, Λ can be rewritten by
Based on the Lagrangian
where µ is the Lagrange multiplier, we find that X and G are optimal if and only if there is a µ that together with X and G satisfy the conditions
Using (7) in (11) and (12), we can obtain the following relations between X and G, respectively:
From (14), the channel estimator can be expressed by
and through some mathematical manipulations, we obtain
we can easily calculate p n from (16) as
On the other hand, from the power constraint Tr{XX H } = P , we can obtain
whereÑ is the nonzero number of ρ n . In fact, (17) and (18) are just the equations used in the well known waterpouring algorithm [11] . Therefore, the optimal pilot power allocation in DAS can be viewed as pouring the power along the large-scale fading. It also can noted that since the large-scale fading varies very slowly, remaining approximately constant over hundreds of wavelengths, ρ n , n = 1, · · · , N can be estimated accurately at receiver and sent to transmitter over a feedback channel promptly.
When using MPR in DAS, the transmit power for each RAU can be expressed by
and the corresponding channel estimator has the following form
As for the EPA, the channel estimator at receiver can be written as
IV. NUMERICAL RESULTS
In order to evaluate the performance of the proposed method, we consider a (1, 5, 1) generalized DAS with 5 RAUs located at polar coordinates (0, 0),
The system layout is shown in Figure 2 .
The MT with polar coordinate
The n-th RAU with polar coordinate In the simulation, we assume that the path loss exponent α = 4, the log-normal shadow fading standard deviation σ sh = 8dB, and the reference distance D = 1km. The OFDM system under consideration is with 64 subcarriers, and 4 equi-spaced pilot symbols are inserted in the frequency domain. The channel is assumed quasistatic within one OFDM symbol and varies between adjacent OFDM systems. Additionally, we assume that all the small scale fading channels between the N RAUs and the mobile have 4 taps, i.e. T = 4, each of which is modeled as a complex Gaussian variable and
is selected as the channel profile for all the channels. The performance of the system is measured in terms of the normalized MSE of the estimated CFR at pilot subcarrier across the RAUS which is defined as
By distributing the MT uniformly in the cell, we obtain the average normalized MSE in Fig. 3 . For the purpose of comparisons, the EPA and the MPR are also simulated. Fig. 4 shows the average normalized MSE on the cell edge. In this simulation, the amplitude of MT's location is fixed at √ 3 / 2. From Fig.3 and Fig. 4 , we find that since the distances from the RAUs to the mobile are different, it is necessary to design an optimal transmitted power for the pilot symbols of different RAUs. 
V. CONCLUSION
In this paper, we have presented a novel pilot power allocation strategy for OFDM in DAS which is based on the criterion of minimizing the mean square error (MSE) of channel estimates at pilot subcarriers across the RAUs. The proposed method only needs the information of largescale fading at transmitter to allocate power, which makes it feasible in practical OFDM DAS systems.
